ABSTRACT The Moon-based synthetic aperture radar (SAR) potentially offers an unprecedented high temporal resolution and wide spatial coverage, simultaneously, for earth observation. However, the complex geometry in relating Moon-SAR-Earth motion, where both the earth's rotation and lunar revolution exert, poses a great challenge in signal processing and image formation. Besides, the background ionospheric effects contributing to the phase dispersion become even more critical because the ionospheric freezing model usually assumed in the low earth orbit SAR imaging is no longer valid for the Moon-based SAR, and the curved trajectory induced by the ultra-long synthetic aperture time further complicates the background ionospheric effects. In this paper, we investigate such effects on the Moon-based SAR imaging by establishing an accurate curved trajectory signal model. The image shift and image defocus caused by the temporal-spatial varying background ionosphere are evaluated in detail. Numerical analysis shows that the range shift can be up to hundreds of meters, while the azimuth shift is much less, on the order of tens of meters. As for image quality, the range defocusing is persistently significant, and yet the azimuth focusing is only slightly disturbed. Under the presence of background ionosphere, the geometric distortion and image defocusing given rise to a Moon-based SAR deserve a special care in the context of image quality.
FIGURE 1.
Stratification of atmosphere, the ionosphere is a region of Earth's upper atmosphere. It is a shell of plasma gas that surrounds the Earth, stretching from a height of above 50 km to more than 1000 km. Data in the figure taken from [9] .
with constellation of LEOSAR if so desirable for the Moonbased SAR.
Presently, the concept and potential of the Moon-based SAR have been investigated by some scholars: Renga [4] first put forward the concept of the Moon-based SAR in 2007, in which the configurations and performance of the Moon-based SAR system were thoroughly probed. Renga and Moccia [5] theoretically analyzed the concept of the Moon-based Interferometric SAR (Moon-based InSAR). Later, the performance and potential applications of the Moon-based SAR were characterized in [6] , and the scientific and technical issues in the application of lunar-based repeat track and along track interferometry were addressed in [7] . Following this stream of theoretical developments, an L-band Moon-based SAR for the monitoring large-scale phenomena related to global environmental changes was detailed in [8] . Literatures in regard to Moon-based SAR research are mainly concentrated on the performance analyses and potential applications. Seldom of those studies are related to the Moon-based SAR's imaging simulation or effects of wave propagation.
By considering the application requirements and system performance of the Moon-based SAR, L-band is chosen as one of the main carrier frequencies of Moon-based SAR [8] . However, the propagation of the L-band signal is affected through the troposphere and ionosphere (see Fig.1 ). The L-band propagation effect through troposphere is relatively small, though not totally negligible, compared to ionospheric effect [10] . The lunar ionospheric electron content is two orders of magnitude less than that of the Earth's ionosphere with a far thinner thickness, thus its impact may be ignored [11] . Hence, the ionospheric layer of the Earth is the primary factor that affects the imaging geometric and radiometric qualities of the Moon-based SAR.
Ionosphere exerts profound but measurable effects on the SAR imaging by at least three accounts. First, the Faraday rotation (FR) effect rotates the energy from co-channels to cross-channels, subsequently leading to attenuation of the SAR signal [12] . Second, the phase dispersion of the background ionosphere causes a phase advance in signal, resulting in target image shift, resolution deterioration and image defocusing [13] . Third, it should be mentioned that the ionospheric scintillation gives rise to fluctuations in the amplitude and phase of the SAR signal, further impair the SAR focusing [14] . In addition, as long as estimating the ionospheric effects on SAR imaging is concerned, the ionospheric inhomogeneous nature is a considerable factor [15] .
Up to now, the ionospheric analysis has been aimed at the satellites-borne SAR that operates in low earth orbit. As far as the distance is concerned, the propagation loss becomes a major factor. The distance is irrelevant in FR effect because the total electron content (TEC) dominantly comes from Earth's, implying that the FR effect of Moon-based SAR is similar to that of satellite-borne SAR. However, the Moonbased SAR suffers a totally different background ionospheric effect in contrast with LEOSAR under the background of extremely long orbit altitude.
In the LEOSAR, since the aperture exposure time is short, the radar signal propagates along an approximately straight-line path and the background ionosphere can be treated as time-freezing [16] . Besides, the propagation time of the radio signal is extremely short compared to the synthetic aperture time. As a result, the LEOSAR is assumed to be stationary between the epoch of the signal transmitting and receiving [17] . On the contrary, the synthetic aperture time of the Moon-based SAR is on the order of hundreds of seconds [18] , which is considered exceedingly long. Hence, the ionospheric TEC is no longer constant but time varying. Under the wide coverage of the Moon-based SAR, the ionospheric TEC presents strong spatial variability. Together, the temporal-spatial ionospheric variations for the Moon-based SAR should be taken into account. Furthermore, the signal propagation path is a curved trajectory due to the long synthetic aperture time and complex imaging geometry of the Moon-based SAR, where both the Earth's rotation and lunar revolution have effects. In addition, the propagation delay is far from negligible, thus the ''stop-and-go'' assumption under the LEOSAR is no longer applicable for the Moon-based SAR. Consequently, it is necessary to establish a new model based on the curved trajectory with ''non-stop-and-go'' assumption for the analysis of background ionospheric effects on the Moon-based SAR imaging.
The signal model of the Moon-based SAR in the context of the lunar revolution and with the removal of the ''stop-and-go'' assumption was established [18] . Based on that model, in this paper, it has derived the two-dimensional (2-D) spectrum of the Moon-based SAR signal in considering of the temporal-spatial variation background ionosphere, and then the effects of the background ionosphere on the Moon-based SAR imaging quality are investigated. This paper is organized as follows: In the next section, we briefly introduce the characteristics of the background ionosphere in association with the long synthetic aperture time in the case of Moon-based SAR. Then in Section III, we give in detail a Moon-based SAR's signal model in the environment of the temporal-spatial variation background ionosphere, based on a curved trajectory resulted from the earth's self-rotation and lunar revolution. Section IV presents the background ionospheric effects on the Moon-based SAR imaging and introducing an analytical approach to retrieve the temporalspatial varying TEC data from the affected SAR image. Finally, in Section V, a conclusion is summarized to close the paper.
II. CHARACTERISTICS OF THE TEMPORAL-SPATIAL VARIATION BACKGROUND IONOSPHERE IN THE MOON-BASED SAR A. PHASE ERROR DUE TO TEMPORAL-SPATIAL VARYING BACKGROUND IONOSPHERE
According to [7] , the synthetic aperture of the Moon-based SAR is realized mainly by the Earth's rotation. The long slant range history and relative slow Earth's rotating velocity bring about an extremely long synthetic aperture time, further resulting in the temporal-variation characteristics of the background ionosphere. For a rigorous study, the relationship between the synthetic aperture time and the azimuthal resolution of the Moon-based SAR is first examined.
The synthetic aperture time, the aperture length in azimuth, can be accurately obtained by
where η end and η star are defined as the start time and end time when a point target is illuminated of one full aperture in azimuth, respectively. Both of them can be calculated by:
cos
where R star is the slant range vector of the Moon-based SAR at time η star , R end is the slant range vector at time η end , R c is the slant range vector at the beam center crossing time η c ; θ b is the half-power beamwidth in radians defined as
where λ is the wavelength, a is the aperture length in azimuth.
The azimuthal resolution of the Moon-based SAR is determined by
where R E is the Earth's radius, and R EM is the distance between the Earth and Moon-based SAR; δ g is the latitude of the Earth's target, δ m is the declination of the Moon-based SAR. α is the angular difference between the Moon-based SAR's ascension and the longitude of the Earth's target at beam center crossing time. As can be seen, three extra terms: R E R EM , cos δ g cos δ m and cos α are presented to modify the ideal azimuth resolution a 2. By combining (1) and (2) , the relationship between the synthetic aperture time and azimuthal resolution is plotted in Fig. 2 , with, as an example, the declination of the Moonbased SAR set to be 28.5 • and latitude of the Earth's target assumed to be 0 • .
As can be seen from Fig.2 , the synthetic aperture time of the Moon-based SAR can be up to hundreds or even thousands of seconds. In contrast, the synthetic aperture time of the LEO SAR is usually limited to 1-2 seconds. As a result, it seems that the ionospheric freezing assumption for LEOSAR loses its effect in the Moon-based SAR. In Fig.3 we plot the measured vertical TEC at Guangzhou, China (113.23 • E, 23.16 • N), with a synthetic aperture time of 1800 seconds, a typical value of the Moon-based SAR. The TEC data used in the schematic diagram for the temporal variation of background ionosphere is acquired in October 2016 and reported by International Reference Ionosphere 2012 (IRI 2012) [19] . Fig.3 demonstrates that the variation of the vertical TEC over a period during the synthetic aperture time VOLUME 6, 2018 exceeds 3 TECU, which seems quite appreciable, and the TEC temporal variation is nonlinear. Consequently, the temporal-varying background ionosphere should be taken into consideration, thus the temporal-varying ionospheric TEC is supposed to express in the form of slow time:
where TEC t0 is the constant component of TEC with respect to slow time, which remains constant with the varying time for a given position; k i , i = 1, . . . , n, is the n th derivative of the temporal-varying TEC against the slow time η. The TEC varying with relative positions of the ground target is illustrated in Fig.4 . Because the Moon-based SAR is capable of observing the Earth on a global scale, the spatialvarying ionospheric TEC at different positions within the imaging swath should be taken account. Assume that the spatial variation of the TEC along the azimuth direction is time-invariant, the spatial-varying TEC can be written as:
where TEC s0 is the constant component of TEC in regard to azimuth distance x at specified time; s i , i = 1, . . . , n, are the change rates of spatial-varying TEC over azimuth distance x at various orders; note that x is the relative motion distance between the Moon-based SAR and the ground target taking account of spatial-varying background ionosphere along azimuth direction within an epoch of η, which is defined as:
where V iono is the relative velocity of the ionospheric TEC above the rotating Earth, given by
where R E is the Earth's radius, h iono is the ionospheric equivalent height, δ g is the ground target's latitude, ω E is the Earth's rotation velocity, χ is the scale factor given rise by lunar revolution as to be detailed below. It is known that the temporal and spatial variations of the background ionosphere are highly-coupling in practice. Thus the temporal-spatial varying ionospheric TEC can be readily expressed in terms of slow time η:
where TEC 0 is the constant component of temporal-spatial varying ionospheric TEC; t gi is n th derivative of the temporalspatial varying TEC with respect to slow time defined as:
. . , n. When the SAR signal propagates through the ionosphere, the phase-path length will be changed under the impact of the background ionosphere [21] . The phase error induced by the change of the phase-path length in the round-trip can be defined as
where A = 40.32m 2 s 3 , c is the propagation velocity of the electromagnetic wave in free space, f τ is the range frequency and f c is the carrier frequency. It turns out that the phase error induced by the temporalspatial varying background ionosphere should be modified by substituting (5) into (6):
It shows in (7) that the spatial-varying ionospheric TEC, together with the temporal-varying ionospheric TEC, further makes the background ionospheric effects even more complicated. Characteristics of the temporal-spatial varying background ionosphere are discussed in what follows.
B. CHARACTERISTICS OF THE TEMPORAL-SPATIAL VARYING BACKGROUND IONOSPHERE
We begin with the spatial-variation of the ionospheric TEC. From [22] and [23] , the spatial gradient in TEC is generally about 2TECu/100km for quiet ionosphere and get larger during ionospheric storm. To be more rigorous, we plot the global distribution of the vertical ionospheric TEC at 22:00 UTM, 29 October 2003, when a catastrophic magnetic storm took place, followed by an ionospheric storm, with the maximum of TEC reaching up to more than 180 TECU. Fig.4 and Fig.5 indicate that the maximum ionospheric TEC exceeds 60 TECU under normal ionosphere and the TEC can be up to more than 180 TECU during an ionospheric storm. Additionally, the spatial variation of the background ionosphere along the longitude direction (azimuth direction) is significant. In order to gain deeper insight, we plot the change rates of TEC over the azimuth distance at different Earth's latitudes under different ionospheric conditions (normal ionosphere and ionospheric storm) in Fig.6 6 shows the magnitude of the TEC spatial gradient from 0.001 TECU/km to 0.020 TECU/km under normal ionosphere, which can be up to 0.085 TECU/km for some places when the ionospheric storm occurs. The ionospheric TEC spatial gradient alternates between positive and negative irregularly, posing more challenges to the Moon-based SAR imaging under the temporal-spatial varying background ionospheric effects. Now, the temporal-varying ionospheric TEC is analyzed. Generally, the TEC temporal gradient ranges from 0.2 TECU/min to 0.5 TECU/min during normal ionosphere [24] , and can reach up to 3 TECU/min or even 6 TECU/min with occurrence of TEC fluctuations during strong geomagnetic storms, especially in polar regions [25] , [26] . We plot the temporal-varying ionospheric TEC at different adjacent Earth's longitudes in March, 2008 and October, 2003 by reported by IRI 2012 [19] , as shown in Fig.7 (a) and (b), respectively. The corresponding change rates of TEC over the time are given in Fig.7 (c) and (d).
It can be observed in Fig. 7 that the temporal-variation of the ionospheric TEC is quite pronounced and the TEC temporal gradient varies irregularly with time and ionospheric conditions. The average TEC temporal gradient is around 0.2 TECU/min under normal ionosphere, and up to 0.36 TECU/min for very distributed ionosphere. Moreover, results in Fig.7 show that the adjacent background ionosphere has both the similar change rate of TEC and approximate tendency of TEC temporal gradient. It may be drawn that the spatial-variation of background ionosphere within an image scene is approximately time-invariant, implying that the ionospheric TEC in (5) potentially can be used to probe the temporal-spatial background ionospheric effects.
It is worth noting at this point that the higher order derivatives of the temporal-spatial varying ionospheric TEC exert some impacts on the Moon-based SAR, but the degree of which is negligibly small. It will be evidenced in the follow sections. To be consistent with previous studies [22] - [26] , we adopt the following ionospheric parameters for demonstration, without loss of generality: TEC 0 = 50 TECU , k 1 = 0.2TECU s and s 1 = 0.02TECU km under normal ionosphere and ionospheric parameters turn to be TEC 0 = 150 TECU , k 1 = 3TECU min and s 1 = 0.08TECU km when an ionospheric storm occurs.
To proceed further, the signal model and its 2-D spectrum of the Moon-based SAR in considering of the temporalspatial varying background ionospheric effects are established in next Section.
III. A MOON-BASED SAR SIGNAL MODEL IN THE CONTEXT OF BACKGROUND IONOSPHERIC EFFECTS
Before proceeding to analyze the effects of the background ionosphere in line of temporal and spatial variations, we shall establish a Moon-based SAR signal model in considering of background ionospheric effects, based on the curved trajectory, in which the relative positions between the Earth target and the Moon-based SAR are accounted for. A curved trajectory slant range based on the relative positions between the Moon-based SAR and the Earth's target is established to model the Moon-based SAR signal. In order to get the exact expression of the slant range, a right-handed geocentric inertial reference frame is defined, with Z-axis towards the North Pole, and X-axis pointing to the true equinox of the date. The unified coordinate system is shown in Fig.8 , where the ascension and declination of the Moonbased SAR are designated by (a m , δ m ), and the longitude and latitude of the ground target by (a g , δ g ). Without loss of generality, let's initialize the azimuth time to zero for the shortest distance between the ground target and the Moonbased SAR. The slant range between the Moon-based SAR and the ground target at the time t = η takes the following expression:
where a g (η) = ω E η + a g0 is the angle that the ground target rotates from the zero azimuth time position to the position at t = η, ω E is the angular velocity of the Earth's selfrotation, a g0 is the longitude of ground target at zero azimuth time; (X m (η), Y m (η), Z m (η)) are coordinates of the Moonbased SAR in considering of the lunar revolution with:
In above equations, ω M is the angular velocity of the lunar revolution; ϑ S is the inclination of the lunar orbit to of the Earth's equator.
Recalled that the propagation distance of the Moonbased SAR is over hundreds of times longer than that of the LEOSAR, thus the ''stop-and-go'' assumption used in the LEOSAR is no longer applicable for the Moon-based SAR [18] . Now let's calibrate the error in ''stop-and-go'' assumption:
Suppose that the transmitted signal arrives to the ground target at time T 1 , where T 1 = R(η) c. In an epoch of propagation delay T D , the Moon-based SAR has moved forward for a certain distance to the new position, so now the slant range between the ground target and radar is R(η + T D ). The backscattering signal is received at a time
The total time delay of wave propagation is the sum of T 1 and T 2 :
where T D can be calculated by an iterative process [27] or approximation equation given in [18] , and is typically between 2.3s and 2.7s. Notice that the time delay given rise by the atmosphere is far smaller than T D [28] ; therefore it can be reasonably ignored in removing the ''stop-and-go'' assumption. The Moon-based SAR observation geometry under ''non-stop-and-go'' assumption shown in Fig. 9 depicts a scenario where as the transmitted signal scatters back, the radar moves a distance within an epoch of T D . Thus the Moon-based SAR can no longer be regarded as operating in monostatic, but instead in bistatic mode. Finally, the slant range for the Moon-based SAR under the equivalent bistatic mode could be written as:
It is founded that the 4 th order Taylor series range equation is capable of dealing with the curved trajectory of the Moonbased SAR's signal during the long synthetic aperture time, which is most suitable for Moon-based SAR imaging [18] . Consequently, the slant range can be expanded into Taylor series up about η = 0 to 4 th order, (11) where R 0 is the shortest slant range. The derivation of expansion coefficients is straightforward but tedious. Complete expressions for R i are given in [18] . Now the received signal of the Moon-based SAR system from the point of interest can be written as [29] 
where w r and w a are window functions in fast time and slow time domains, respectively; K r is the chirp rate. Fourier transform in range direction is first applied to (12) by using the principle of stationary phase (POSP) [30] :
Consequently, the signal under the effects of the temporalvarying background ionosphere can be obtained by including the phase shift (7) into the signal (13):
Taking Fourier transform along azimuth direction in (14) by virtue of the POSP and the method of series reversion (MSR) [31] , we have
where the phase takes the form
where (15) is given in the Appendix.
From (15a), we see that the range and azimuth frequency are highly coupled in the phase term. In order to process the signal and to identify the background ionospheric effects on the Moon-based SAR imaging, (15a) is further expanded as follows: (16) where r (f τ ) is related to range compression through
a (f η ) is in connection with azimuth compression and is expressed as
is the range cell migration term which takes the form of
and res is the residual phase term given by
At this point, we have established the signal model and 2-D spectrum, based on the curved trajectory, taking accounts the temporal-spatial varying background ionospheric effects. It can be seen from (16a) through (16e) that all the terms are closely related to TEC. Besides, the imaging performance in the range direction is impacted by the range compression term r (f τ ). The residual phase term res does not affect the Moon-based SAR imaging. As for the azimuthal imaging, it is impacted by the azimuth compression term a (f η ), the range cell migration term rcm (f τ , f η ) and the secondary range compression term src (f τ , f η ) under the effects of background ionosphere.
Further to more clearly differentiate the degree of these terms' impacts on the azimuthal imaging of the Moonbased SAR; we plot the corresponding azimuth phase errors under different synthetic aperture time in Fig. 10, with   FIGURE 10 . The comparison of absolute phase errors induced by the azimuth compression term, range cell migration term, and secondary range compression term under the effect of background ionosphere. The status of the ionospheric TEC is give in Table 1 . the same simulation as in Fig. 2 , and a system bandwidth of 50 MHz. The temporal and spatial gradients of TEC, derived from ionospheric TEC within the first 2 hours given in Fig.7 (b) , are listed in Table 1 .
As illustrated in Fig. 10 , the absolute phase errors of the range cell migration term, and secondary range compression term are negligibly small in comparison with the azimuth compression term. Consequently, the azimuth compression term dominates the focusing of the Moon-based SAR. Also, the range cell migration term, and secondary range compression term, unlike the azimuth compression term, exercise little effects on azimuthal imaging. As a result, both of them are excluded in the following analysis.
Towards a closer look on the impact of higher order derivatives of the temporal-spatial varying TEC, we plot, in Figure 11 , the azimuth phase errors as a function of synthetic aperture time, with (W) and without (W/O) higher order derivatives of TEC using the temporal and spatial derivatives of TEC listed in Table 1 .
As demonstrated in Fig.11 , the azimuth phase error increases, monotonically, with the increasing of the synthetic aperture time. The impact of higher order TEC gradient seems negligibly small, thus we can conclude that the first order temporal and spatial TEC gradients are the dominant effects on the Moon-based SAR imaging. Thus, only the first derivative of temporal-spatial varying ionospheric TEC is considered.
In the next section, we examine the background ionospheric effects on the range and azimuthal imaging in line of the range compression and azimuth compression,.
IV. BACKGROUND IONOSPHERIC EFFECTS ON MOON-BASED SAR IMAGING
In this section, the background ionospheric effects on the Moon-based SAR imaging are examined from the phase terms given in (16a) and (16b). The background ionospheric effects can be divided into the range and azimuth aspects, and are illustrated by using the simulation parameters given in Table 2 . For the sake of brevity but without loss of generality, the angular difference between the ground target's longitude and Moon-based SAR's ascension at beam center crossing time is assumed 0 degree in the following analysis.
To begin with, the background ionospheric effects on range imaging are first discussed.
A. BACKGROUND IONOSPHERIC EFFECTS ON RANGE IMAGING
Through the range compression term given in (16a), the background ionospheric impacts on range imaging by manifesting the range shift and defocusing. It is recognized that the range shift is caused by the linear term due to group delay, while the range defocusing is induced by the quadratic term and cubical term. Besides, the range resolution is deteriorated due to broaden chirped pulse, which is silently imbedded in the quadratic term. Moreover, a ghost image may appear in the range direction as a result of asymmetric distortion of the signal caused by the cubical term [32] . In what follows, the detailed effects of phase shift on the range imaging are analyzed in accordance with (16a). 
1) RANGE SHIFT DUE TO BACKGROUND IONOSPHERIC EFFECTS
According to the linear term of (16a), the range shift can be expressed as: 
As can be seen from (17), the range shift consists of two parts: one is the image shift caused by the constant component of ionospheric TEC under the ionospheric freezing assumption, and the other one is the range shift caused by the temporal and spatial gradients of ionospheric TEC related to the temporalspatial varying part of background ionosphere. The second part of the range shift can be further divided into two parts based on the different contribution parts from temporalspatial varying background ionosphere: L r1t induced by the temporal-varying part of the background ionosphere and L r1s caused by the spatial-varying part of the background ionosphere. Since we can get each of them by letting another part of the ionospheric TEC gradient be zero, thus they are not expressed separately.
The range shift caused by the constant component of background ionosphere, L r0 , is proportional to the constant component of the TEC and is inversely proportional to squared of the carrier frequency. The range shift L r1 , induced by the temporal-spatial varying part of background ionosphere, has an obvious dependency on the temporal and spatial gradients of ionospheric TEC and the carrier frequency. Additionally, VOLUME 6, 2018 the range shift L r1 is dependent on the relative position between the ground target and the Moon-based SAR as well. Fig.12 (a) and (b) show the temporal-varying background ionosphere contribution part of the range shift, L r1t with different Moon-based SAR's declinations in regard to the Earth's latitude under normal ionosphere and during an ionospheric storm. Similarly, the spatial-varying ionospheric TEC contribution part of range shift, L r1s , under normal ionosphere and ionospheric storm are plotted in Fig.12 (c) and (d) , respectively. The overall range shift induced by the temporalspatial varying part of the background ionosphere, L r1 , are plotted in Fig.12 (e) and (f), eventually. The simulation parameters are given in Table 2 .
From Fig. 12 (a)-(d) , we see that both the temporalvarying and spatial-varying background ionospheres bring about range shifts, which are in negative connection with the ground target's latitudes but positively correlated with the Moon-based SAR's declination. Yet their variations with respect to the Earth's latitudes and Moon-based SAR's declinations are different because the range shift caused by the temporal-varying part of the background ionosphere is only related to the change rate of slant range, while L r1s , induced by the spatial-varying part of the background ionosphere, is dependent on both change rate of slant range and ionospheric TEC relative motion velocity that is related to the relative position of the ground target's latitude and Moonbased SAR's declination. Besides, the range shift L r1 is the contribution from the TEC temporal gradient and spatial gradient; either variation of them leads to different L r1 .
Next, we plot the 1-D range profile of point target response at the of the Earth's latitude of 22.5 degrees under the effect of the range shift for the cases of normal ionosphere and ionospheric storms in Fig. 13 (a) and (b) . Then the 1-D range profile of point target response with the same TEC status as Fig. 13 (a) and (b) at the latitude of 62.5 degree are drawn in Fig. 13 (c) and (d), respectively.
As illustrated from Fig.13 , the range shift caused by the temporal-spatial varying background ionosphere is on the order of tens of meters under normal ionosphere while it can be up to dozens of meters during an ionospheric storm. Moreover, the range shift L r0 caused by the constant component of ionospheric TEC under ionospheric freezing assumption plays a dominating role in determining the whole range shift. The range shift induced by the temporal-spatial varying background ionosphere is relatively small but not negligible under normal ionosphere while it is potential enough during an ionospheric storm. To this end, the simulation results confirm the location dependence of the range shift L r1 shown in Fig.8 . Now if we project the slant range shift onto ground range direction, then the ground range shift is approximate to:
66776 VOLUME 6, 2018 where the incident angle of the Moon-based SAR, referring to Figure 5 , can be approximately calculated by
According to (19) , the incident angle, which is related to the latitude of the ground target and declination of the Moon-based SAR, is spatial-varying as well. As a result, the spatial-varying incident angle, together with the temporalspatial varying range shift, brings about the temporal-spatial variation of the ground range shift, further complicating the geometric distortion. Fig.14 (a) displays the ground range shift under normal ionosphere as a function of the ground target's latitude with different declinations with the simulation parameters given in Table 1 . The ground range shift under ionospheric storm is drawn in Fig.14 (b) by using the same simulation parameters as Fig.14 (a) .
It can be observed in Fig. 14 that the ground range shift is on the order of dozens of meters under normal ionosphere while the maximum value of the ground range shift can be up to thousands of meters during an ionospheric storm. When the latitude of the ground target is within 60 degree, the ground range shift depends on the difference between the ground target's latitude and Moon-based SAR's declination. However, if the ground target's latitude is larger than 60 degrees, the ground range shift becomes positive correlation from negative correlation with the difference between the ground target's latitude and Moon-based SAR's declination. The cause of this phenomenon is attributed to that the range shift caused by temporal-varying background ionosphere begins to show an obvious impact on the whole ground range shift.
The 1-D range profile in the presence of the ground range shift at different ground target's latitude and Moon-based SAR's declinations are simulated in Fig.15 . The simulation parameters are given in Table 1 except for the latitudes of ground target and declination of Moon-based SAR.
It is found from Fig.15 that the ground range shift, ranging from dozens of meters up to hundreds of meters even under a normal ionospheric condition, can easily pose threat to correctly pinpoint the ground target. As can be seen from Fig.15 (e)-(f) show a contrary tendency with the ground target's latitude of 79.6 degree in contrast with Fig.15 (a)-(d) . Consequently, the simulation results confirm the validity of theoretical analysis presented in Fig.14. 
2) RANGE DEFOCUSING DUE TO BACKGROUND IONOSPHERIC EFFECTS
Now examining the effects of the quadratic and cubical terms in (16a) is in order. As can be seen from (16a), both quadratic and cubical terms are merely correlated with the constant component of the TEC, indicating the range focusing is not disturbed by the temporal-spatial varying part of the background ionosphere.
According to (14a), the quadratic term inherently causes the filter mismatched, main lobe broaden, and side-lobes risen. These factors altogether contribute to deteriorate the range resolution. The cubical term may result in asymmetric distortion of the received signal, and further bring about a ghost image in range direction. A quadratic phase error (QPE) is defined in time domain to measure the pulse broadening [33] :
Equation (20) states that the QPE is proportional to the constant component of TEC and the squared of the system bandwidth for a specific carrier frequency. From SAR imaging theory, if QPE exceeds π/4, the filter mismatch and thus the range defocusing occur. The QPE as function of TEC 0 with different system bandwidths from 10 MHz to 200 MHz is plotted in Fig. 9 . It appears from Fig.16 that for the Moon-based SAR with a system bandwidth of 50 MHz, the range focusing is little affected by the QPE unless there is an ionospheric storm. But for a larger bandwidth, say 100 MHz, the range imaging severely degrades even if the TEC is just around 30 TECU.
In Figure 17 , we plot the 1-D range profile of point target to see the effects of the QPE (no range shift). Range resolution, both idea and real, and measures of image quality in terms of peak to side lobe ratio (PSLR) and integrated side lobe ratio (ISLR) are listed in Table 3 .
From Fig.17 and Table 3 , we see that at 50 TECU the range resolution is slightly degraded for bandwidth of 50 MHz and 100 MH; image quality in terms of PSLR and ISLR worsens for larger bandwidth. For higher TEC at 150 TECU, range resolution at a bandwidth of 50 MHz is not affected much though PSLR and ISLR are higher-undesirable. At bandwidth of 100 MHz and 150 TECU, the range resolution is seriously degraded and PSLR and ISLR are unacceptable. In this regard, larger bandwidth makes it more difficult to maintain good image quality under the ionospheric exposure, especially in case of ionospheric storm.
Similarly, the cubical phase error (CPE) can be defined as Equation (21) indicates that the CPE is proportional to the constant component of TEC and the cube of system bandwidth. In addition, the range CPE also strongly depends on the carrier frequency. When the CPE is larger than π 8, the range imaging will be defocused. The CPE as a function of TEC 0 with bandwidths from 10 MHz to 200MHz is plotted in Fig.18 . Fig.18 reveals that the impact of the CPE has a lesser extent than that of the QPE. It can be observed that Moonbased SAR with a bandwidth smaller than 100 MHz is barely affected by the CPE. However, when the bandwidth of 200 MHz is chosen, the CPE begins to affect the range imaging with a TEC around 50 TECU. The range profiles affected by CPE with different TECs are plotted in Fig.19 (ignoring the range shift) and the corresponding evaluations are given in Table 4 . The simulation results in Fig.19 manifest that the CPE defocus range image with a system bandwidth of 200 MHz and TEC larger than 50 TECU. In addition, it is found that a ghost image appears in range direction due to the asymmetric distortion of received signal on account of cubical phase error when the range imaging is impacted by the CPE. As listed in Table 4 , the image quality is deteriorated by the CPE when range defocusing appears while the range resolution varies little.
We see that the effects of the QPE and CPE on imaging are coupled to image defocus. To see this we simulate the 1-D range profile in Fig.20 (ignoring the range shift) , and numeric quantities of resolution and image quality measures are listed in Table 5 .
From Fig. 20 and Table 5 , when the effects of QPE and CPE on Moon-based SAR imaging are coupled -image quality is seriously deteriorated and the range resolution is degraded dramatically with the increasing of system bandwidth and TEC. Interestingly, the PSLR of a point target response due to the effects of the range QPE and CPE strongly depends on the TEC 0 and system bandwidth. . 21 shows the PSLR as a function of the TEC 0 with different bandwidths, from which we observe that PSLR increases with the increasing of the TEC 0 . Apart from that, there is a positive correlation between the PSLR and system bandwidths. By comprehensively considering Fig.16, Fig.17 and Table 5 , it is desirable to compensate the QPE and CPE when a meter scale of range resolution is required. Notice that at a range resolution of decametric level (B∼10 MHz), both the QPE and CPE are not an issue.
B. BACKGROUND IONOSPHERIC EFFECTS ON AZIMUTHAL IMAGING
The azimuth compression term given in (16b) is just related to the change rate of the TEC over slow time at various orders VOLUME 6, 2018 FIGURE 21. The PSLR as a function of the TEC 0 with different bandwidths by using simulation parameters given in table I. (temporal gradient and spatial gradient of TEC) but has no connection with the constant component of TEC. The TEC derivatives with respect to slow time result in changes in the Doppler frequency and Doppler FM rate, and thus give rise to the distortion of the azimuth imaging. The linear term of (16b) brings about image shift in azimuth direction due to the Doppler shift whereas the quadratic term and cubical term may lead to the azimuth defocusing if it possible.
1) AZIMUTH SHIFT DUE TO BACKGROUND IONOSPHERIC EFFECTS
The azimuth shift aroused by the Doppler shift can be expressed as
where
. . , 4 is the derivative of the slant range against the slow time at i th orders, their specified expressions are given in the appendix of [18] ; V EM is the relative velocity of the ground target in the context of lunar revolution on the rotating Earth, it is defined by
where the scale factor χ accounts the lunar revolution, taking the form
A closer look of equation (22) indicates that the azimuth shift is related to the TEC temporal gradient, TEC spatial gradient and the slant range expansion coefficients at various orders. Additionally, the azimuth shift is negatively correlated to the carrier frequency. Similar to the range shift caused by the temporal-spatial varying part of the background ionosphere, the azimuth shift is comprised of the azimuth shift L as caused by the spatial-varying part of the background ionosphere and L at induced by the temporal-varying part of the background ionosphere. Fig.22 presents the azimuth shift caused by the temporalvarying, spatial-varying and temporal-spatial varying parts of the background ionosphere, from which we observe that the azimuth shift caused by the effects of the temporal-spatial varying background ionosphere is on the order of tens of meters and can be up to hundreds of meters under ionospheric storm. In addition, the azimuth shift caused by the temporalvarying part of the background ionosphere is negatively connected with the Earth's latitude. Yet the spatial-varying background ionosphere induced azimuth shift, is in positive correlation with the Earth's latitude. As for the Moon-based SAR's declination, there is a positive correlation with the azimuth shifts caused by temporal-spatial varying background ionosphere.
Now that in Fig. 23 we plot the 1-D azimuth profile of point target response under normal and storm. Ionospheres. For all cases, the exposure time is 200 seconds. For comparison 22.5 degrees (Fig. 23 a, b) and 62.5 degrees (Fig. c,d ) of Earth's latitudes are shown. As evident from Fig.23 , the azimuth shift extends from tens to hundreds of meters and varies with the relative position of the ground target and the Moon-based SAR. It can be observed that both the ground targets' latitude and Moon-based SAR's declination conceivably induce the azimuth shift. The spatialvarying TEC temporal gradient variations further give rise to an irregular pattern of the azimuth shift, making its prediction and compensation even more difficult if not impossible. 
2) AZIMUTH DEFOCUSING DUE TO BACKGROUND IONOSPHERIC EFFECTS
The temporal-spatial varying background ionosphere causes both azimuth shift and azimuth defocusing. The quadratic and cubical terms in (14b) broaden the main lobe, raise the side-lobe, and cause azimuthal defocusing. Here the azimuth quadratic phase error (QPE a ) is given by
where f dr is the Doppler frequency modulation rate, T sar is the synthetic aperture time, with phase Q given by Similarly, the azimuth cubical phase error (CPE a ) is defined as where C is expressed as
The typical thresholds of azimuth QPE and CPE are set to π 4 and π 8, respectively. As can be checked from (23) and (24) , the azimuth QPE and CPE are closely related to change rate of ionospheric TEC and the synthetic aperture time, or equivalently the synthetic aperture length. Furthermore, the TEC spatial gradient can expressed in the form of change rate of the TEC over time. In Fig.24 we plot both of phase errors as function of change rate of TEC over time by using the simulation parameters given in Table 2 , with a synthetic aperture time of 600 seconds, which corresponds to an azimuthal resolution around 3meters.
As is shown in Fig.24 , both the azimuth QPE and CPE increase with the TEC temporal, but neither of them exceeds their respective thresholds even under a TEC gradient of 5 TECU/s, thus the azimuth imaging of the Moon-based SAR is not disturbed by azimuth QPE or CPE in such a situation.
In Fig.25 , the magnitudes of the azimuth QPE and CPE at different Moon-based SAR's declinations are plot as a function of the Earth's latitude. The synthetic aperture time is set to be 600 seconds and the ionospheric parameters are given as: k 1 = 3 TECU/min and s 1 = 0.08 TECU/km.
As detailed in Fig.25 , the azimuth QPE has a dependency on the relative positions of the ground target's latitude and Moon-based SAR's declination where the azimuth CPE is independent of the relative positions. It can be identified that both the azimuth QPE and CPE is smaller than their thresh- olds, suggesting that the azimuth focusing is not affected by neither of them wherever the Moon-based SAR and ground target locate.
For more rigorous check, we simulate the 1-D azimuthal profile of point target response at the Earth's latitude of 22.5 and 67.5 degrees under the influence of the azimuthal QPE and CPE in Fig.26 , with synthetic aperture time of 600 seconds. The ionospheric cases are the same as Fig.25 while the simulation parameters are given in Table 2 .
The magnitude of azimuthal QPE and CPE and numeric measures of image quality are summarized in Table 6 .
It is found that there is no sign of defocusing in azimuth imaging at low and high latitudes, even though the synthetic aperture time is up to 600 seconds. At this point, it may be argued that the background ionospheric effects hardly defocus the azimuth imaging of the Moon-based SAR with an azimuthal resolution larger than 3 meters.
C. SIMULATED MOON-BASED SAR IMAGE UNDER EFFECTS OF BACKGROUND IONOSPHERE
Reminding that the background ionosphere is temporalspatial varying which embodies in the diversity of ionospheric TEC and temporal and spatial gradients of TEC at different locations within a same imaging scene. To gain a more complete picture, we perform simulations to examine the image quality in range and azimuth directions, using point targets and extended target.
1) IMAGING OF POINT TARGETS
Three point targets placed in the image scene, forming a triangular setting with two along azimuth direction and another in range direction. Their relative positions and system parameters are given in Table 7 . The simulation results are shown in Fig.27 , and numeric measures of image shift and image quality are listed in Table 8 .
It can be perceived from Table 8 that the image shift and image defocusing are spatially dependent and are determined by the locally varying ionospheric TEC. Thus the temporalspatial varying background ionosphere produces a certain amount of image shift and image distortion on the singlepoint response. However, results in Fig.27 reveal that the three point targets, which form in triangular, in the image varies little simply because the image shift of each three point targets is negligibly small within the image scene. Furthermore, as demonstrated in Fig. 6 and Fig. 7 , the temporal and spatial variations of background ionosphere are slow and continuous processes and they are not so extreme in practice as we assumed in the simulation. Consequently, the overall image distortion caused by the spatial-variation image shift may be ignored.
2) IMAGING OF EXTENDED TARGET
The examination of the background ionospheric effects on the imaging of the extended area is in order now. The total electron content and the change rate of TEC over time and space are assumed constant since the coverage of the earth's surface is relatively small. The digital elevation model (DEM) is shown in Fig.28 (a) , and the corresponding simulated SAR image in free space is shown in Fig.28 (b) , while imaging through ionosphere with different ionospheric conditions are plotted in Fig.28 (c) and (d) , where the ground range resolution and azimuth resolution are set to 112.3 and 100.0 meters, respectively.
It is clearly that the background ionospheric effects show a distinct influence on hundred meters level Moon-based SAR imaging. Though the image focusing seems not much disturbed by the background ionospheric effects, the image shift is significant, particularly at high TEC, implying that geometric correction and calibration are critical in the context of Moon-based SAR imaging of Earth.
V. CONCLUSION
The background ionospheric effects on the geometric quality and fidelity of Moon-based SAR system are investigated in this paper. In so doing, a signal model considering background ionospheric effects for Moon-based SAR based on curved trajectory is established. Simulation results show that the range shift is on the order of hundreds of meters while the magnitude of the azimuth shift under normal solar activity condition is order of ten meters. The image focusing of a Moon-based SAR with a scale of decameter is barely affected by the background ionospheric effects. It is found that background ionospheric effects seem not defocus the azimuthal imaging in Moon-based SAR with an azimuthal resolution larger than 3 meters. When a geomagnetic storm occurs, which is closely related to the solar cycle, the azimuth shift can be even up to hundreds of meters, which is unacceptable for most applications. The background ionospheric effects defocus the range imaging with a metric scale resolution. Further delving deeper into the ionospheric scintillation effects on Moon-based SAR imaging will be attempted in the future study. Before closing, it is remarked that since the image quality is affected through phase distortion due to the ionospheric variations, the Moon-based SAR would potentially be an alternative to map the high-density spatio-temporal ionospheric disturbance. We will pursue this interesting subject in the future study.
APPENDIX DERIVATION OF EQUATION (15)
The phase shift in round-trip propagation through the temporal-spatial varying background ionosphere is
A new variable is defined for the following derivation
As a result, the phase shift can be rewritten as
Now the 2-D spectrum of the Moon-based SAR's signal model in the context of dispersion effect can be deduced. According to (12) , the signal under the effects of temporalspatial varying background ionosphere is given as: s r_iono (f τ , η) = w r (f τ ) · w a (η) · exp −jπf 
As the slant range has higher order terms in slow time domain, it is necessary to solve a higher order equation when use principle of stationary phase (POSP) [29] to obtain the Fourier transform of s r_iono (f τ , η) in azimuth direction. In order to avoid solving higher order equations, the method of series reversion (MSR) [30] is applied.
To begin with, the linear phase term of the slant range (A5) need to be removed by letting: R * S_iono (η) = a 0 + iono · TEC 0 + P 2 η 
